STUDY QUESTION: Are cohesins SA1/SA2 and the NAD-dependent deacetylase SIRT1 involved in telomere homeostasis of cumulus cells and thus eligible as biomarkers of follicular physiology and ovarian aging?
Introduction
In the last years, many successfully experimental efforts have been made with the aim of identifying molecular biomarkers predictive of oocyte competence and to developing minimally invasive procedures in the management of human reproduction (McKenzie et al., 2004) . The cumulus-oocyte complex (COC) has been recognized as a suitable target for this goal due to the bidirectional trafficking of metabolites, proteins, ions and regulative molecules (Assou et al., 2013) . In addition, specific transcriptomic signatures in cumulus cells (CCs) appeared associated with pregnancy outcome (Assou et al., 2008) .
Moreover, as indicated by clinical and experimental evidence, the relative telomere length in CCs at the time of oocyte collection may be a new candidate biomarker to discriminate mature reproductive cells with ontogenetic developmental potential. The telomeric termini of chromosomes are composed of extended tracts of short G-rich tandem repeat sequences, 5′-TTAGGG-3′, which are particularly prone to oxidative base damage (Saretzki and Von Zglinicki, 2002) . The derivative 8-oxo dG lesions at G nucleotides are repaired less efficiently by OGG1 (8-oxoguanine DNA glycosylase) than non-telomere TG repeats, due to certain telomere configurations (Rhee et al., 2011) . DNA damaging agents such as reactive oxygen species (ROS) affect telomere length and may trigger genomic instability, inefficient chromosomal pairing/segregation and anomalies of spindle apparatus in reproductive cells (Treff et al., 2011) . Additionally, excessive telomere shortening has been linked to cellular senescence, aging and limited self-renewal of embryonic stem cells (Martens et al., 2000; Treff et al., 2011) .
Recently, telomere length evaluation in CCs has proven to be suitable in predicting oocyte quality and embryo development in a large survey of COC samples from an IVF setting (Cheng et al., 2013) . Telomere homeostasis is, however, a dynamic process under the influence of different molecular players which ensure specific biological functions and may contribute to set the telomere length (Martínez and Blasco, 2011; Keefe, 2016) . Cohesins SA1/SA2 mediate sister chromatid cohesion at telomere termini (SA1) and along chromatid arms (SA2) (Canudas and Smith, 2009; Merkenschlager, 2010) , while Sirtuin 1 (SIRT1), an NAD + -dependent protein deacetylase, senses DNA damage with the scope to preserve telomere integrity from oxidative stress (Carafa et al., 2012) . We hypothesized that these cohesins may also modulate telomere homeostasis and thereby dictate oocyte ontogeny. In this study, we investigated SIRT1 and SA1/SA2 mRNA transcripts and DNA telomere sizing in CCs to uncover the contribution of these biomarkers to the physiology of the CCs and to assess whether definite clinical and biological parameters, routinely evaluated in patients undergoing assisted reproductive technologies, impact their expression profile.
Materials and Methods

Patient selection
Informed consent to participate to the study, approved by Local Ethic Committees, was obtained from women (n = 50) undergoing routine IVF/ ICSI treatment. All patients enrolled were unable to conceive naturally for at least one year before entering the study. The reasons for the infertility were: male factor infertility (n = 16), polycystic ovary syndrome (n = 6), tubal occlusion (n = 10) and endometriosis (n = 8) and unexplained (n = 10). The physical and demographic characteristics of all recruited women are shown in Table I . Patients were randomly allocated to cohorts based on age (young < 34, n = 22 and old > 38, n = 24), BMI (<20 kg/m 2 , n = 13; 20-25 kg/m 2 , n = 25; >25 kg/m 2 , n = 12) and number of retrieved oocytes (<4, n = 28 and >6, n = 19). The laboratory investigations were carried out blindly in respect to the characteristics of the enrolled patients.
Ovulation induction
Ovarian stimulation was induced administering recombinant gonadotropins (Gonal-f, Pergoveris, Merck, Rome, Italy) at a dose of 150-300 IU per day from the first or second day of the menstrual cycle. The dose of gonadotropins was adjusted according to ovarian response, as detected by ultrasound examination. As soon as the dominant follicle reached 14 mm in diameter, a gonadotropin-releasing hormone (GnRH) antagonist was administered daily, until the day of ovulation triggering which was obtained by HCG injection, when at least three follicles of size >16 mm were present in the ovaries. The oocyte retrieval was performed 34-36 h after the HCG injection. Follicular fluid was aspirated for COC recovery.
CCs isolation
CCs were isolated from COC and incubated in fertilization medium (Cook Medical, Limerick, Ireland) . COCs were exposed to hyaluronidase 80IU (Irvine, USA); after 20-30 s incubation, CCs were stripped from the oocyte with a micropipette 170 μm and 140 μm in diameter. CCs from follicles producing metaphase II oocytes were collected into pooled samples from each patient, then were washed two times pelleted and immediately transferred on ice before storage at −80°C until analysis.
Nucleic acids isolation from CCs
Genomic DNA and total RNA were extracted from pooled CCs of each patient by using the High Pure PCR Template Preparation Kit (Roche), according to the manufacturer's instruction. This procedure allows the simultaneous elution of both DNA and RNA. Each sample was evaluated by spectrometry (Abs 260 nm/280 nm) and by QUBIT for quality control.
Analysis of telomere length
Telomere length evaluation was accomplished essentially as described (Cawthon, 2009) . Multiplex Quantitative PCR reactions by SYBR Green master mix were set up with primers to amplify telomere repeats together with a primers of the single copy housekeeping albumin gene (Cawthon, 2009; Supplementary Table SI) . The simultaneous amplification of the two molecular targets generates a relative telomere/single copy gene (T/S) ratio that is proportional to the average telomere length of the sample analyzed, as the amplification is dependent on the number of primer-binding sites in the first cycle of the PCR reaction.
Negative controls using water without DNA were processed during each PCR run. Study samples were analyzed in triplicate and evaluated by comparison with a standard calibration curve constructed with reference DNA serially diluted from 1 to 100 ng. Dissociation melting curves were also derived for each sample to check the fidelity of the DNA amplifications.
SA1/SA2 and Sirt1 expression profiling
cDNA was obtained by using Expand Reverse Transcriptase kit (Roche) and random hexamer primers (Thermo-Fisher). Quantification of SA1/SA2 and SIRT1 mRNA transcripts were determined by qRT-PCR using SyBR Green TM fluorescent dye (Light Cycler 480 SYBR Master Mix Roche). Primer pairs and PCR cycling conditions for SA1, SA2 and SIRT1 were validated following published reports (Remeseiro et al., 2012a; Li Da et al., 2014; Supplementary Tables SI and SII) . Primers pairs annealing only on the exon-exon junction sequence of the specific mRNA ensured selective amplification of the target genes, thus excluding genomic DNA contamination. Due to the reported expression heterogeneity of SA2 gene (at least five different transcripts) in somatic cells, specific primer pairs were designed in the conserved overlapped core sequence to achieve reliable specific quantifications of SA2 mRNA. To normalize the expression levels of the gene transcripts in CC, a simultaneous mRNA expression profiling of the housekeeping gene GAPDH was also performed in all the analyzed samples. All amplification reactions were conducted in triplicate; melting curve analysis was also performed to confirm the specificity of the products obtained. Changes in gene expression levels of SA1/SA2 and SIRT1 were calculated by the 1/ΔCt method.
Immunofluorescence
For SIRT1 immunofluorescence analysis, CCs were grown 24 h on coverslips, washed with PBS, and fixed for 15 min in 4% PFA. Cells were then permeabilized in 0.5% Triton X-100 in PBS for 10 min. After blocking in 5% BSA in PBS for 30 min, cells were incubated 16hs at 4°C with the primary antibody, mouse anti-human SIRT1 monoclonal antibody (Novusbio, United Kingdom; 1:200 dilution in PBS). After three subsequent washes with PBS, the cells were incubated for 1hr at room temperature with the secondary antibody, FITC labeled goat anti-mouse antibody (Sigma-Aldrich, MA; 1:100 dilution in PBS). Nuclei were stained with 6-diamino-2-phenylindole (DAPI) in mounting medium (Santa Cruz Biotechnology). The coverslips were examined using a fluorescent Leica 6500 microscope equipped with software LAS. Images were captured with an CFTR6500 digital camera (Leica, Wetzlar, Germany). Fluorescence intensity analysis was performed with LSA software (Leica, Wetzlar, Germany) and with ImageJ (NHI, USA); statistical significance was assessed.
Western blotting
For western blotting analysis, proteins from CCs recovered immediately after oocyte denuding were electroblotted from polyacrylamide gels to nitrocellulose (Bio-Rad Laboratories, Hercules, CA, USA) overnight at 180 mA and 500 V in 25 mM Tris-HCl pH 8.3, containing 192 mM glycine, and 20% v/v methanol according to Towbin et al. (1979) . Transferred proteins were reversibly stained with 0.1% w/v Ponceau S in 3% v/v acetic acid to check protein transfer. Membranes were blocked with 3% w/v non-fat dried milk in 10 mM Tris-HCl (pH 7.5), 0.15 M NaCl, 0.1% v/v (TBS) and then incubated with mouse monoclonal anti-human SIRT1 antibody 1:400 diluted in TTBS (TBS containing 0.2% Tween 20) containing 1% non-fat dry milk (w/v). After washings, reactivity was detected using an anti-mouse antibody HRP conjugated (1:3000 in TTBS) and revealed with an XRS instrument ChemiDoc (Bio-Rad Microsciences, Hemel Hempstead, UK). Images were then processed using the Quantity One 
Statistical analyses
Statistical analysis was performed using the GenEx Pro and GraphPad Prism (GraphPad 4.0 Software Inc, San Diego, CA). Normality of the data was examined by the Shapiro-Wilk test. The comparison between groups was performed with a Student t-test. Data were expressed as mean ± SD. Statistical significance was set at P < 0.05. Correlation was determined by using Spearman's correlation analysis. FSH (IU/L) 4.9 ± 2.0 6.1 ± 2.9 5.7 ± 1.3 6 ± 0.9 5.4 ± 1.7 6.1 ± 2.2 5.3 ± 1.5 BMI 23 ± 2.2 23 ± 5.5 22 ± 4.2 22 ± 1.9 19 ± 1.3 22.4 ± 1.4 29.9 ± 7.6
Duration of stimulation (days) 11.3 ± 0.8 11.9 ± 0.7 11.1 ± 1.2 11.5 ± 0.5 11.3 ± 0.9 11.4 ± 0.7 11.8 ± 0.4
Estradiol (pg/ml) on the day of HCG administration 2200 ± 415 1985 ± 385 2300 ± 475 1850 ± 350 2000 ± 275 2100 ± 385 1980 ± 410 MII oocytes 4.1 ± 2.3 3.3 ± 3.6 2 ± 0.8 6 ± 3.1 2 ± 1.5 4.3 ± 3.1 1.8 ± 0.9
Results
Clinical characteristics of all participants
A total of 50 IVF cycles in 50 women were included in this study. The main characteristics and hormone levels of patients are shown in Table I . When the enrolled patients were grouped according to the age, to the number of retrieved oocytes or to the BMI index, no significant differences were found in FSH, LH or E 2 levels, or in E 2 levels on the day of HCG injection.
SA1, SA2 and SIRT1 gene expression analysis
SA1 and SA2 expression levels were lower in women older than 38 years compared to women younger than 34 years, although the difference did not reach statistical significance (Fig. 1) . However, SIRT1 mRNA levels in older patients were about twice as high as the level recorded in younger patients (P < 0.05) (Fig. 1) . When the patients were clustered into three groups according to their body mass index (BMI), an interesting trend was highlighted, with the high-BMI group having a significant increase in both SA1, SA2 and SIRT1 expression compared to the low-BMI group (Fig. 1) . The same analysis was carried out taking into account the oocytes retrieved. We demonstrated a significant increase in mRNA levels of SA1, SA2 and SIRT1 in CCs purified from women producing more than 6 oocytes (high responders) when compared to women producing less than 4 oocytes (poor responders) (P < 0.05) (Fig. 2) . Moreover, statistical analysis of data showed that the number of oocytes retrieved strongly correlated with SA1 (r = −0.37; P < 0.05) and SA2 (r = −0.43; P < 0.05) expression profiling. Interesting insights come from the analysis of the relative telomere length in CCs as a function of SA1, SA2 and SIRT1 gene expression. As shown in Fig. 3 , positive correlations between the relative telomere length and, respectively SA1 (r = 0.42; P < 0.001), SA2 (r = 0.36; P < 0.001) and SIRT1 (r = 0.36; P < 0.001) were, also, recorded. Finally, gene expression analysis indicated strong statistical correlations between SA1 and SA2 (r = 0.89; P < 0.05), SA1 and SIRT1 (r = 0.69; P < 0.001) and SA2 and SIRT1 (r = 0.78; P < 0.01) (Fig. 4) .
To gain a clearer understanding of the higher mRNA SIRT1 transcripts disclosed in patients aged over 38 years, we also investigated SIRT1 protein expression in CCs.
As shown in Fig. 5 (upper panel) , western blot analysis demonstrated that SIRT1 was present in CCs, and its expression was higher in older patients compared to younger patients, thus confirming the results from gene expression study. When the cellular localization was investigated by immunofluorescence, SIRT1 showed an intense cytoplasmic staining in older patients, whereas the fluorescence intensity appeared to be lower in younger women ( Fig. 5 ; bottom panel).
Discussion
Cohesins SA1 and SA2 were originally identified for their role in chromatid cohesion, essential for the normal segregation of chromosomes, Figure 1 qRT-PCR assessment of the expression of SA1, SA2 and SIRT1 in cumulus cells (CCs) as a function of mean age (upper panels) or BMI (lower panels). SIRT1 mRNA levels significantly increases of about 100% in older patients (n = 24) when compared to younger (n = 22), whereas the differences in SA1 and SA2 variations were not statistically significant. SA1, SA2 and SIRT1 expression was significant increased in patients having a BMI higher than 25 kg/m 2 (n = 12) compared to the low-BMI group (<20 kg/m 2 ) (n = 13). The relative gene expression, normalized by GAPDH reference gene, in comparison to the younger women or patients having BMI < 20 kg/m 2 (considered equal to 1) is shown. Bars represent the mean ± SEM of the three technical repeats; *P < 0.05.
and for the DNA repair mediated by the homologous recombination (Nasmyth and Haering, 2009) , however recent data assign to these proteins novel biological functions (Remeseiro et al., 2012a (Remeseiro et al., , 2012b Lin et al., 2016) . Cohesin SA1 also drives DNA looping and gene regulation, whereas cohesin SA2 seems to be involved in mediating DNA double strand break repair in somatic cells (Kong et al., 2014) . SA1 deficiency drives aneuploidy, embryo lethality and early onset tumorigenesis in mice as a result of defective telomere replication due to inefficient cohesion of telomere ends (Remeseiro et al., 2012a (Remeseiro et al., , 2012b . Interestingly in the present study, we report high transcription levels of cohesins SA1 and SA2 in the CCs and an evident decreasing trend with aging; this result confirms the reduced presence of meiotic cohesins in oocytes of aged women that has been previously reported (Tsutsumi et al., 2014) . Altogether, these results support the experimental evidence that a Figure 2 qRT-PCR assessment of the expression of SA1, SA2 and SIRT1 in CCs as a function of the number of oocytes retrieved at the pick-up. In women producing more than 6 oocytes (high responders; n = 19), SA1, SA2 and SIRT1 expression significantly increases compared to that in women producing fewer than 4 oocytes (poor responders; n = 28). The relative gene expression, normalized by GAPDH reference gene, in comparison to the poor responders (considered equal to 1) is shown. Bars represent the mean ± SEM of the three technical repeats; *P < 0.05. Figure 3 Correlation between the relative telomere length (T/S ratio) and SA1 (r = 0.42; P < 0.001; left panel), SA2 (r = 0.36; P < 0.001; middle panel) and SIRT1 (r = 0.36; P < 0.001; right panel) mRNA was determined by using Spearman's correlation analysis.
Figure 4
Correlation between SA1 and SA2 (r = 0.89; P < 0.05; left panel), SA1 and SIRT1 (r = 0.69; P < 0.001, middle panel) and SA2 and SIRT1
(r = 0.78; P < 0.01; right panel) was determined by using Spearman's correlation analysis.
significant reduction of the cohesion proteins in COC, may dictate the onset of age-related aneuploidy in human reproductive cells (Jessberger, 2012) . Our data, further, provide evidence for a strong correlation in CCs between cohesins SA1 and SA2 and with the telomere length. The evident correlation of SA1 and SA2 expression profiles with DNA telomere length may account for the functional involvement of these molecules in the fine tuning of telomere homeostasis in CCs (Valerio et al., 2016) . Of some interest is also the finding that the transcript levels of SA1 and SA2 are associated with the number of retrieved oocytes and maternal BMI, a result which recalls previous observations with GDF9 and BMP15 expression profiling in pooled CCs (Li et al., 2014a) .
Clinical data from a comprehensive meta-analysis (Oudendijk., et al., 2012) show that poor responders display a reduced pregnancy rate as opposed to normal responders. An altered metabolic follicular microenvironment (Pacella-Ince et al., 2014b) in low responders might lead to increased oxidative stress and inadequate detoxifying processes, thus affecting oocyte quality and embryo competence. The significant decrease in SA1, SA2 and SIRT1, as well as GDF9 and BMP15 transcripts (Li et al., 2014b) found in low responders supports this hypothesis. On the other hand, serum SIRT1 levels appeared increased in polycystic ovary syndrome patients compared with healthy subjects (Kiyak et al., 2015) , confirming our results showing that SIRT1 is increased in women producing more than 6 oocytes, a clinical feature of PCOS patients.
We also report a significant increment of SIRT1 mRNA transcripts in CCs of patients aged over 38 years and a positive correlation with telomere length similar to that recorded with cohesins SA1 and SA2. It is interesting to note that a similar result was recently reported in oocytes of aged mice together with undetectable presence of the corresponding Sirt1 protein (Di Emidio et al., 2014) . Transcript levels of miR-132, which modulates post-transcriptional expression of SIRT1 deacetylase (Strum et al., 2009) , were also elevated, and led to SIRT1 protein deficiency and impairment of detoxification process following inhibition of FOXO3A-MnSod scavenging pathway (Hori et al., 2013) . Unlike these results, our finding of higher mRNA transcript levels of SIRT1 in CCs of patients aged over 38 years was associated with a concomitant detection of its protein counterpart in the cytoplasm and perinuclear region of CCs.
These data are in agreement with the detection of higher levels of SIRT1 protein and total antioxidant levels in blood of elderly (>75 years) people in comparison to adults and children (Kilic et al., 2015) . This observation, together with the reported protective effects of SIRT1 against oxidative stress damage, indirectly exerted by catalase activity (Alcendor et al., 2007) , lead us to hypothesize that higher expression of SIRT1 protein is triggered for preserving telomere integrity and cell survival under conditions of lasting oxidative stress occurring in CCs by aging (Carafa et al., 2012) . Following genotoxic stress, SIRT1 is, in fact, recruited at sites of DNA damage where it promotes homologous recombination repair of DNA double strand breaks by deacetylation of Werner (WRN) protein. Transgenic mice expressing increased levels of SIRT1 exhibit longer telomeres and higher frequencies of sister homologous recombination repair events throughout the genome (Palacios et al., 2010) . The potential role of the Sirtuin family deacetylases (SIRTs 1-7) as epigenetic markers for oocyte and embryo selection is under investigation. A significant reduction of mitochondrial SIRT5 (Pacella-Ince et al., 2014b) and SIRT3 (Pacella-Ince et al., 2014a) was recently documented in CCs from women with reduced ovarian reserve and in older women with good oocyte content, raising the intriguing possibility that down-regulation of these biomarkers identifies specific 'signatures' of poor oocyte quality and negative IVF outcomes.
In addition, a significant decrease in Sirt2 and Sirt6 transcripts in CCs of aged mice was reported (Okamoto et al., 2013) , and a crucial involvement of SIRT3 in mitochondrial biogenesis and developmental competence of human oocytes has also been shown (Zhao et al., 2016) . Taken together, these data point to 'cytoplasmic immaturity' of oocytes as the leading cause of mitochondrial dysfunction resulting in the accumulation of free radicals, DNA mutations, protein damage, telomere shortening and apoptosis (Tatone et al., 2015) .
The demonstrated modulation of SIRT1 and cohesins SA1 and SA2 in CCs according to maternal age and the involvement of these molecules in fundamental physiological functions such as telomere homeostasis and molecular DNA repair corroborate the strong statistical correlations shown by gene expression analysis (Fragouli et al., 2012) . Additional studies need to be undertaken in a larger samples of single cumulus/oocyte complexes to confirm this scenario and for uncovering the role of these molecules in predicting oocyte aneuploidy (Fragouli et al., 2012) .
In conclusion, we report, for the first time, unique data concerning the involvement of cohesins SA1/SA2 and SIRT1 in telomere homeostasis of CCs and highlight their eligibility as biomarkers of ovarian aging.
